An investigation of melting, freezing, and coexistence phenomena in binary clusters is presented with the salt clusters (KCl), and (KCl), as specific examples. The results of molecular dynamics simulations are combined with analyses of the potential surfaces, notably the energies and geometries at the minima and saddle points. On the basis of this knowledge, the molecular dynamics results are interpreted in terms of melting, freezing, and phase coexistence, and the ways a nonrigid system may explore its potential surface. A comparison is made of isomerization rates derived from molecular dynamics and Rice-Ramsberger-KasselMarcus (RRKM) theory.
INTRODUCTION
Many of the prevalent ideas and generalizations about isomerization, rearrangements, and phase changes of clusters are based on evidence derived predominantly from raregas clusters. (A brief review of the rare-gas cluster results can be found in Ref. 1.) To what extent do those generalizations apply to binary clusters and to clusters with different force laws? The present study was undertaken to address some aspects of this question. Other recent work has examined the effect of variation of the force law in homogeneous clusters. 24 We report the results of classical isoenergetic molecular dynamics and Rice-Ramsberger-Kassel-Marcus (RRKM) predictions of isomerization rate constants for the alkali halide salt clusters (KCl), and (KCl), . Our approach was to first determine the details of the underlying potential energy surface, i.e., minima, transition states, and connectivity, and then in a consistent manner relate the observed dynamics to these details. This approach has been successful in previous studies of inert gas clusters.'-' Here, we will see how well the description developed for the inert gas systems may be generalized to binary salt clusters. In particular, we infer the extent to which the framework used to describe the melting of rare-gas clusters is appropriate for alkali halide clusters.
Alkali halide clusters were chosen because a simple, yet realistic, pairwise-additive interaction potential describes them well for theoretical analysis, and the variety of their observable properties and the strengths of their ionic bonds may make alkali halides tractable to experimental study. Lastly, they provide a marked contrast with the well understood rare gas clusters.
In the course of this work, it became apparent that a new, more precise definition of "liquid-like" is needed for clusters. A solid-like state is characterized by a near-rigid geometry with strong restorative forces. The strong restorative forces produce small amplitude vibrations around a particular minimum which persists for time intervals very long compared to the time scale of the vibrations. In the solid-like state particles do not permute among different sites and exhibit negligible diffusion. In contrast, the liquid-like state is characterized by weaker, more nonlinear forces that lead to low-frequency modes and allow the cluster to pass readily among different minima, on a time scale approaching that of the vibrations. This "softness" criterion has been invoked previously.* However, the interwell behavior of homogeneous six-particle clusters' and the KC1 polymers described here direct us to add another condition to the definition of "liquid-like" for a cluster: to be liquid-like, the facile interwell motions of the cluster must generate particle interchanges so that the cluster explores its permutational isomers on a time scale not much slower than that of its interwell passages.
We propose to apply two criteria to ascertain whether a cluster shows liquid-like behavior: ( 1) the large-amplitude interwell motions of the cluster over the potential surface are fast enough that the interwell time scale approaches that of the intrawell time scale' (a factor of -lo2 is "close enough") and (2) the interwell motions carry the cluster among the different permutational isomers of the stable geometries on a time scale not much longer than the interwell time scale mentioned in ( 1) above. A breakdown of time scale separabilities signifies that the individual minima cease to be independently significant. At this point the relevant characteristics of the motion then become global averages over several minima.
If the interwell dynamics of a cluster satisfies only one of these two criteria, then the cluster falls between liquid-like and solid-like. For example, a cluster may pass frequently among a small, restricted set of different minima without visiting any permutational isomers of the lowest-energy geometry. As such, it may act as a compliant solid. A particular example of this is an M6 cluster in what was called a "fluctuating state" by Sugano and Sawada.' More will be said about this fluctuating state and its immediate relevance to the present work in Sec. IV.
In Sec. II we describe the methodology of this study. In Sec. III we detail and explain the results, and in the Sec. IV we discuss these findings in terms of their own interest and in light of the known rare gas results.
II. METHOD A. Molecular dynamics
For this classical, constant energy molecular dynamics (MD) study the velocity form of the Verlet algorithm" was used to propagate the system's evolution. The time step used for these computations was chosen to satisfy conservation of energy, linear momentum, and angular momentum. The accuracy-limiting quantity proved to be the conservation of energy. The time step was chosen so that the standard deviation of the energy was < 0.0 1% after 5 X 10' time steps and the average energy over sets of 500 steps showed no propensity to drift in one direction. A time step of 3 x lo-I5 s was chosen. The chosen time step is smaller than that used in studies of argon clusters.11*12 because the pair potential is much "stiffer" and the characteristic motions are correspondingly faster.
The interaction potential used for this study '3* Martin, 14 and Luo et a1.13 Note that the value of A, depends upon the particular ions, whereas p does not, and that p and A, are assumed to be independent of the number of particles in the cluster. Many refinements of this potential have been proposed and each serves to complicate the computations. One such possible variation is the inclusion of multipole interactions, i.e., induced-dipole interactions. The effects of refinements to the interaction potential will be mentioned in the Discussion.
In this study the following thermodynamic and dynamical quantities were evaluated for a range of total energies:
( 1) Average kinetic energy. At the level of the equipartition theorem the temperature is proportional to the average kinetic energy. A system of Nparticles, with a stationary center of mass and no rotational kinetic energy has a temperature T (3N-6)k, '
where the angular brackets denote an average over the whole trajectory (or some large portion thereof), k, is the Boltzmann constant, and Etineti, is the total kinetic energy. A graph of this (vibrational) kinetic temperature plotted against the total energy of the cluster is the caloric curve.
(2) Relative root mean square bond length fluctuations. This quantity is essentially the standard deviation of the average bond length in relative units Lindemann's" criterion states that a substance becomes liquid when S reaches -0.1.
(3) Short-time kinetic temperature average, T,, . The same as the quantity defined in ( 1 ), except that the kinetic energy is averaged over a short segment (500-2500 time steps) instead of the whole trajectory." For a given energy these temperatures form a distribution. The distribution can be unimodal, bimodal, or even multimodal. The modality of the distribution can help to reveal the existence of a dynamic equilibrium between different phases of the cluster: two coexisting phases of the cluster may have disparate T,, distributions.
In order to determine the modality of the T,, distribution one can either bin the temperatures or plot the cumulative probability function (CPF). The advantages of plotting the CPF over binning have been explained before5 and will not be repeated here. To plot the CPF the short time kinetic temperature averages are sorted from smallest to highest and plotted as the accumulated number against T,, . This gives the cumulative probability curve F( 7') whose derivative is the probability distribution function. The modality of the distribution can be determined by counting the number of flat regions in the CPF. Each flat region corresponds to the addition of a new mode to the distribution.
(4) Mean square displacement (MSD). The slope of the MSD for bulk matter
is proportional to the diffusion constant D where n, is the number of different time origins and tcj is the time step at time origin j. A nonzero value of D is suggestive of a liquid-it is a necessary but not a sufficient criterion for liquid-like behavior. Recently, Beck and Marchioro' devised one way to define the diffusion constant for a very small finite system, taking into account its finite size.
(5) The normalized velocity autocorrelation function (VAF), C(t), is defined by
(5) j= 1 i= 1 (6) Power spectrum. The power spectrum, I(w), is the real part of the Fourier transform of the VAF according to the Wiener-Khintchine theorem2'
0 Note that the infinite integration limit is in practice replaced by the interval of the VAF. The effect of this cutoff will be explained later. 
J. Chem. Phys., Vol. 96, No. 1,l January 1992 (7) Quenched energy vs time. In the steepest descent quench technique21*22 the following differential equation is solved numerically: (7) where Q, is the interaction potential. The MD run is momentarily stopped (at regular or random intervals), the kinetic energy is removed from the simulated cluster, which is then made to descend the potential surface from its instantaneous configuration to a stationary point via the differential Eq. (7). As the energy is lowered the simulated cluster follows a s&pest descent path to the associated "inherent minimum."= By following the sequence of inherent structures as a function of time one can see which wells are accessible and how long the phase point resides in each kind of we11.23 This technique is also employed to map out the topology and geometry of the underlying potential energy surface.
(8) Permutation index as a function of total energy. This is a new diagnostic quantity which quantifies the correlation of nearest-neighbor contacts by calculating the average interparticle distance, after a long time interval, of pairs of particles that are initially nearest-neighbors.
The permutation index is calculated in the following way: We determine the average interparticle distance, over a 100 Ooo step trajectory (our chosen interval), between pairs of ions that were nearest-neighbors at the start of the trajectory. This quantity is represented as L and is given as L= kj$, j, Lria + rSls A cluster explores its multidimensional configuration space by crossing energy barriers that partition the potential surface into basins around the individual equilibrium geometries. These barrier-crossing events are isomerizations and are therefore unimolecular reactions. The various isomerizations that a cluster can undergo, and they are numerous for ( KCl) 5, exhibit diverse mechanisms ranging from concerted processes to independent-particle motions. The independent-particle transitions tend to have lower transi- (8) tion-state energies and entropies of activation than the cooperative transitions. Individual barrier crossings control the rate at which a cluster explores phase space, both directly and by being the rate limiting steps in a multistep reaction scheme.
where particles a and j3 are the two initial nearest-neighbors of particle i, and n is the number of time steps. The trajectory length of 100 000 steps was chosen by experiment. This length was long enough to produce a fairly smooth energy dependence, to be very long with respect to typical vibrations, and yet short enough to reveal time scale differences for different energies. The choice of the number of initial nearest-neighbors depends on the geometry of the relevant structures, and in this case, was limited to only two because the planar ring structures that were found for (KCl), and (KCl), have only two nearest-neighbors. The permutation index is then obtained by comparing this value to an upper bound and a lower bound; the upper bound, L, , is the average over the same trajectory of all the like-species interparticle distances,
The lower bound, L,, is the average instantaneous distance of two nearest-neighbors of the same species:
L, = kjgl j, ['iv + rials (10) where y and S are the instantaneous two nearest-neighbors of particle i. For example, for the anion-anion permutation index only anion-anion interparticle distances are considered in Eqs. (8)- ( 10) and similarly for the anion-cation or cation-cation permutation indices. In this way the permutation index of a binary cluster is calculated individually for each of the three types of interparticle distances. All of the above quantities provide insight into the dynamical and thermodynamic properties of a cluster as a function of the total energy. These properties define the phase or state of the cluster, i.e., solid-like or liquid-like. Sometimes the distinction between these two phases is not perfectly clear. This ambiguity is what necessitates the use of all the aforementioned diagnostics. Still, in the course of this study cases arose for which it was simply not clear under certain conditions, whether to call the clusters liquids or soft solids. These difficult cases were the main impetus for refining our definition of liquid-like for clusters. In order to help get a handle on these ambiguous cases we made MD movies and viewed the detailed dynamics on a Stardent GS2000 Graphics Supercomputer; such an empirical approach was useful in a previous study.'
B. Rate constants
Two opposing models span the range of approaches to unimolecular reaction theory. The Slater theory24 predicts reaction to occur when an appropriately defined reaction coordinate reaches a threshold value due to the phase-correspondance of separable vibrational modes. At the other extreme are statistical theories that postulate facile reorganization of energy among the completely coupled modes of the molecule; reaction occurs when enough energy is localized in a (nonseparable) mode identified as a reaction coordinate. The RRKM theory24 is a fairly accurate and successful statistical theory. For a good discussion of the RRKM theory, see Ref. 24 .
The RRKM rate constant for a system with total energy E is k (11) where p (E * ) is the density of states of the energized molecule at energy E * and p (E + ) is the density of states of the transition-state at energy E + ; E * and E + are defined as E * = E -Emin and E + = E -E,,, where E,,,i, is the energy of the reactant structure and Et, is the energy of the transition-state structure. The constant 0 is the path degeneracy number (PDN). The PDN accounts for the possible existence of equivalent reaction paths that are physically distinct in terms of labeled atom geometries. Accurate structures and energies for the reactant and transition-state are required for a proper treatment with RRKM theory. The nec-essary stationary points of the potential energy surface can be located using the steepest descent ("slowest translational motions are frozen out in the MD so only vibrational degrees of freedom need be considered for these calculations. Consequently s = 3N -6 for the cluster at a potential energy minimum and s = 3N -7 at the transition state.
Rate constants determined from MD calculations were compared with the RRKM predicted rate constants. The evaluation of the MD transition rates consisted of the analysis of a set of well-residence lifetimes based on a hazard plot analysis.27,28 A residence lifetime in a well is the time a cluster spends in a reactant well prior to passing into a product well. By quenching the cluster at regular intervals we could determine whether the cluster had passed into the product well. If the cluster remained in the product well for a moderate number of time steps (50-100) following the quench then a transition was assumed to have occurred. After a transition is found, a new trajectory is started with a new set of initial conditions in the reactant well, and another lifetime is determined. This process is repeated until a set of well-residence lifetimes, for a constant total energy, is accumulated.
The set of n lifetimes obtained is then analyzed using a hazard plot. The lifetimes are arranged in ascending order and each lifetime is associated with an index i. The ith ordered lifetime, ri, is then plotted against the cumulative hazard for index i, Hi,
For a Poisson process the slope of the plot of Hi vs ri is equal to the rate constant.
Ill. RESULTS
For both ( KCl), and (KCl), we present first the static results (minima and saddle point energies) and then the thermodynamic and dynamic results are interpreted in terms of the static results. The relation of the dynamics to details of the underlying potential energy surface is a key point of this study. The stationary point calculations were performed using both first (steepest descent techniques" ) and second-derivative ( Cerjan-Miller techniques) methods described in studies5*6*29 mentioned earlier. Lastly, a comparison of rate constants computed by molecular dynamics is made with RRKM rate constants.
All of the energies given below are in units of eV/ion. Throughout this paper "solid" refers to solid-like and "liquid" refers to liquid-like. This distinction is made in order to emphasize the fact that the phases of bulk matter are limiting cases of the corresponding phases of very large clusters.
A. (KCI),
An exhaustive search for the minima of (KCl), and their connecting saddles was conducted up to energies at which the cluster becomes unstable and ions begin to evaporate in runs of IO5 steps. There may be other stationary points, but they are only accessible at energies above the evaporation energy. Figure 1 shows five of the minima found for (KCI), and Table I lists the energies of those minima and of the four saddle points discovered. In Table I cess produces related structures that have very close but not identical energies.
A schematic cross section of the (KCl), potential energy surface is given in Fig. 2 . This figure shows that there are probably three important, distinguishable regions of the (KCl), potential surface: (1) the deep well region of the cube; (2) the planar octagon/rectangle region which contains a relatively low-lying nondiffusive saddle separating the two minima and; (3) the flat regions around the high energy minima separated by very low-energy saddle points. These three regions are separated by two high-energy saddle points, namely the cube-to-rectangle rearrangement and the rectangle-to-distorted-rectangle (DR) rearrangement. On the basis of the rare gas results7*'2S30 we might predict that (KCI), would exhibit a bimodal or possibly trimodal shortterm averaged kinetic temperature distribution and that the flat high-energy region (3) will support liquid-like behavior. (e) distortedrectangle: 1; ( f) distorted-rectangle:2; and (g) distorted-octagon:2. The letter designations correspond with the letter designations in Fig. 1 and Table  I .
The results of calculations of two thermodynamic quantities are given in Figs. 3 and 4. The caloric curve, Fig. 3 , was produced by starting in the cube geometry and slowly energizing the cluster by scaling the momenta until evaporation occurred. The large discontinuity at EZ -2.74 eV/ion signals this break-up. At low energies the nearly harmonic behavior within the cube potential energy well produces a nearly linear increase of temperature with total energy, E, until the curve drops abruptly at = -2.96. This "van der Waals-like loop" is analogous to the one observed by Briant and Burton and which they considered evidence for a firstorder-like phase transition. Briant and Burton's loops are an artifact of too short an averaging period but are not rigorously prohibited for microcanonical distributions.31 For Ar,3, increasing the averaging period from 10 000 time steps32 to 1 X lo6 time steps" caused the loop to flatten out to a curve with a small positive slope.
We tested for the effects of initial conditions by calculating the caloric curve for different initial conditions and averaging lengths. The different curves are monotonic and coincident at low and high energies but for intermediate energies ("loop" region) the points are scattered. The cause of this is the expansion of the explored phase space. At E--2.96 the cluster possesses enough internal energy to make it probable, within a typical averaging period ( 10' steps), that su5-cient energy becomes localized in the appropriate reaction mode(s) to carry the cluster over the saddle separating the cube and rectangle. Because barrier crossings are infrequent at these intermediate energies the system cannot adequately sample the available phase space on the time scale of the averaging period. Consequently different initial conditions can produce very different trajectories. The different averages for the different trajectories means that unless a trajectory is very long indeed, the average over it is nonstatistical. At energies above the loop region, saddle crossings are frequent enough that the trajectory provides a good statistical sampling and the average temperature is once again independent of the initial conditions. The plot of rms bond length fluctuations (6) vs total energy curve shown in Fig. 4 complements the caloric curve. At low energies, at which the system cannot pass over any barriers, S is small, and like the caloric curve, increases linearly with energy. When EZ -2.96 the fluctuations rise sharply, marking the onset of cube e ring rearrangements. At still higher energies the rearrangements are fast and S(E) flattens again. Such features indicate that the cluster crosses a saddle, in this case the saddle between the cube and the rectangle. The caloric curve and the 6 curve are easy to calculate and indicate appropriate ranges of total energies over which to perform more detailed calculations.
The octagon/rectangle region of configuration space is well separated from the cube regions by the cube-to-rectangle saddle. This large energy barrier confines the cluster, at energies within the "loop region," to either the cube or planar region of the potential energy surface long enough (see Fig. 5 ) to establish characteristic properties of that region, such as the average kinetic energy. Since the character- istic time scale of the intrawell motions are much shorter than the characteristic time scale of the interwell dynamics these two time scales are separable. The time scale separability is a necessary condition for the existence of an energy range of observable dynamical coexistence between the ring and cube forms of ( KCl), . Such time scale separability has also been observed in constant-energy simulations of raregas clusters. The separability was manifested in bimodal distributions of the short-time averaged kinetic temperature in the energy range around the flat or loop region of the caloric curve.s*"~'2~33 For the rare gases the bimodal behavior was interpreted as a by-product of a dynamic coexistence between solid-like and liquid-like forms of the cluster. The higher temperature peak of the bimodal distribution corresponded to the solid-like form and the lower temperature peak to the liquid-like form.
With this indication we calculated the short-time averaged kinetic temperature for ( KCl), . Above the loop region the CPF is again S-shaped but with a much larger temperature range, 1000-1800 K. Within the loop region the CPF has one intermediate flat region, which means of course, a bimodal distribution of the short-time averaged kinetic temperatures. As E is increased the width of the flat region of the CPF decreases and the center moves up the curve until it finally disappears; this reflects the shift in the equilibrium from the high kinetic energy structures to the free energy favored low kinetic energy structures.
In order to ascertain the source of the observed bimodality the cluster was quenched at regular intervals and the results compared with the T,, (short-time kinetic temperature average) values calculated along the same trajectory. The higher temperature mode correlated with the cube minimum and the lower temperature mode correlated with the planar ring structure. The temperatures within the flat region of the CPF correspond to those relatively rare segments of the trajectory over which the cluster samples both the cube minimum and the planar minima, thus producing an intermediate temperature. 5 The bimodal distributions are evidence that within the approximate energy range -2.96 to -2.90 the cube structure and the planar ring structures are observable as distinct, coexisting forms of (KCI),. From the RRKM-calculated rate constants the approximate lifetimes for the cube and ring forms at E = -2.935 are 22 500 and 15 200 time steps, respectively. Although the cube lifetime is larger than the ring lifetime the equilibrium constant, K-= [planar] /[ cube] z 3, favors the ring form because of the increased statistical weight (see Table I ) of the ring form over the cube form. Thus, an ensemble of (KCl), clusters at this energy is predicted to consist of two distinct solid-like forms, of which -25% are cubic, and the remaining 75% are floppy, necklace-like planar rings. We will discuss briefly the rates of passage between the cube and planar regions in the RRKM results section below.
Lindemann's criterion associates a value of 6 ~0.1 with bulk melting and the rare-gas findings are quite consistent with this criterion."*" On these grounds we might suppose that the coexistence shown by (KCI), is a solid/liquid coexistence that falls between the energy ranges where the solidlike and liquid-like forms are exclusively stable. This is and the other, for times to -1000 steps. The large-amplitude, but nondiffusive interwell motions produce the initial slope; the long-time slope represents the rate of diffusive interwell motions. This distinction among the interwell motions will be made clearer throughout the paper. For convenience we will refer to the long-time slope as just "the slope" of the MSD.
where the rare-gas clusters and ( KCI) 4 behave quite differently. The coexistence observed for (KCl), is not a solid/hquid phase coexistence, but instead is better described as a dynamic coexistence between a cube isomer and a very flexible (but nonliquid ) planar ring form. In order to prove this, and show whether the cluster ever does become liquid-like, we must recall our two criteria for solid-like and liquid-like and introduce dynamical data that measure the rigidity of the cluster and the mobility of the constituent particles (MSD, VAF, power spectrum).
The slope of the MSD curve is proportional to the diffusion coefficient and is a useful measure of the mobility of the constituent particles. Figure 7(a) shows the MSD for (KCl), at several energies. One feature common to all but the lowest-energy curves is the distinguishability of two different slopes, one for about the first few hundred time steps
In Fig. 7(a) we can see that up to E = -2.907 the slope, and therefore the self-diffusion constant, D, is approximately zero, and the cluster is solid-like. For the three highest energies shown the slope is nonzero; starting at the top and reading downward the three MSDs have the following self-diffusion coefficients: at E = -2.75, T= 1492 K: D = 1.9X lo-5 cm*/s, at E = -2.798, T= 1292 K: D= 1.2X10-' cm*& and at E= -2.84, T= 1109 K: D = 6.1 X 10 -6 cm*/s. We can compare these self-diffusion constants to the experimental values for bulk molten alkali halides near their melting points shown in Table II .34 Also for comparison we provide the self-diffusion coefficient for bulk argon at the triple point, D = 1.8 X 10 -5 cm2/s.35 Note that at the melting point D for the bulk liquid alkali halide is -lo4 times greater than that for the solid. 36 Although the values of D from simulations never reach the experimental bulk value, when E reaches -2.84 eV/ion the calculated value of D is of the same magnitude as the experimental bulk value. This implies that particle interchanges are rapid and that (KCl), is therefore liquid-like for E> -2.84 eV/ion. This was corroborated both by viewing MD movies and also by quenching the cluster and determining the relative positions of the ions in the quenched structure. An interesting point is that even at the highest energy two slopes are still distinguishable in the MSD of (KCl), . This represents a significant departure from the rare-gas results for which we observe no distinguishable short time slope at liquid-like energies. In order to show that the bimodal behavior is due to a sort of solid/soft solid coexistence, short equal segments of a trajectory with an energy in the coexistence range were separated into two sets: one set represens the portions of the trajectory over which the calculated T,, value falls within the distribution of low kinetic energies (cold; planar region ) and the other bin, the distribution of high kinetic energies (hot; cube well). Subsequently we will refer to this binning as "separation of the dynamics." Figure 7 (b) shows the results of this procedure for the MSD in the energy range of the cube/ring coexistence. The three slopes for the total trajectory, hot segments and cold segments all are near zero implying that, within the energy range where the distribution of T,, values is bimodal, whether the cluster is cuboidal or planar, it is not liquid-like. In order to understand this consider the following: Each octagon is connected only to four different rectangles (cf. Fig.  2 ). When the cluster is in the planar ring form it may make transitions between the octagon and those four different rectangles without disrupting the sequential order of the particles around the ring. To attain a different permutational ring isomer the cluster must fold into a cube and then subsequently open up to a new ring structure. Thus, the two potentially observable forms of (KCl), do not correspond to liquid and TABLE II. Self-diffusion coefficients for bulk liquid alkali-halides. The coefficients were calculated using Eq. ( 1) solid but to a cube and a flexible bead necklace-like ring. In this situation, the ring form of the cluster passes the first but fails the second of our proposed liquid-like criteria. Above the coexistence range of energy, (KCI), softens as a whole, planar, and cube form distinctions are gradually blurred, and both criteria of a liquid are satisfied. In contrast, for Ar,, , within the coexistence range of energy, both liquid-like criteria are met by the high-potential-energy form of the cluster whereas for its low-potential-energy form neither of the criteria are met." Additional evidence for the cube/ring coexistence is found in the VAF and the Fourier transform of the VAF. At energies below the coexistence range the VAF represents uniquely the cube well dynamics and may be taken as a model for stiff solid-like behavior. It shows slowly damped correlations and a deep first minimum, signifying reflection; at such low energies the cluster oscillates nearly harmonically between its classical turning points. As the energy is increased the cluster softens, rigid vibrational motions give way to large-amplitude, nonrigid motions and the solid-like features are gradually lost-the acuteness and depth of the reflection minimum gradually diminishes and the VAF decays to zero more quickly as the correlations are rapidly quenched. The VAF was calculated separately for the hot region and the cold region. The VAF for the hot region represents the cube dynamics and closely resembles the lowestenergy VAF while the VAF for the cold region represents the ring dynamics. The correlations of the VAF in the cold region persist for about as long as those in the hot region. The drawback of the VAF is that while it provides evidence for the gradual softening of the cluster it does not clearly distinguish between a liquid and a floppy structure such as the flexible (KCl), ring. This information can be refined to some degree from the VAF by Fourier-transforming it to obtain the frequency distribution.
The Fourier transform of the VAF is the power spectrum, Z( w ). We can use the Z(w = 0) of the power spectrum as an order parameter. In the extreme, the order parameter is zero for one phase and nonzero for the conjugate phase. The Z( w = 0) component is directly proportional to the diffusion constant, D,20 
The intensity of the power spectrum at low frequencies reveals and quantifies the occurrence of soft modes exhibited by a nonrigid cluster and thus can help identify fluid-like behavior. As a caveat we must mention that using the Z(w = 0) component as an order parameter for this case is actually an open-ended definition. Although a zero value of Z( w = 0) is unambiguously associated with a solid-like state a solid may actually have some diffusion and hence a nonzero Z( o = 0). Thus, if Z( w = 0) is nonzero it must be interpreted with consideration of other data. We have previously mentioned that from the slope of the MSD we can calculate the self-diffusion coefficient. In the limit that the VAF is taken to infinite time, or more realistically to very long times (long enough for a particle to diffuse across the cluster), the slope of the MSD should produce the same D as the power spectrum. However, in reality our VAF is calculated from finite time intervals (2000 steps) and as a result we cannot use it reliably for frequencies lower than the reciprocal of the integration time. Strictly, one lower limit of frequencies for which I( w = 0) is reliable is fixed by the time interval for which the propagation remains reversible. Reversibility was maintained up to -3000 time steps for these simulations making the integration time the limiting quantity-this amounts to a limiting frequency of -5 x 10" s-'. For this reason we must be extremely cautious to interpret the Z(w = 0) component with quantitive reliability. It is usually more reliable to calculate the diffusion constant from the slope of the MSD.
The power spectra for ( KCl), are shown in Fig. 8 . The pertinent features of the power spectra are the discreteness of the peaks, the density of the low frequency modes, and the magnitude of the I( w = 0) component. The power spectrum of the low energy solid-like cluster [ Fig. 8 (a) ] is similar to that of a rigid molecule whose atoms perform regular motions with well-defined frequencies. In contrast, the power spectrum of the nonrigid cluster [ Fig. 8 (f) ] has poorly defined frequency peaks, if they are peaks at all. The change from a rather well-resolved spectrum to a very dense, perhaps quasicontinuous spectrum coincides with the loss of well-defined separable vibrational modes. The well-defined modes disappear as the cluster samples highly anharmonic regions of the potential energy surface, especially the regions of negative curvature around saddle points. These anharmanic regions produce nonlinear forces that allow facile ex- changes of energy between modes. The peak structure in Fig.  8 (f) , although poorly defined, is nevertheless significant and insensitive to initial conditions. A second trajectory at the same energy but different initial conditions was calculated. The power spectrum from this second run matched that of the first run remarkably well. This means that at E = -2.75 the cluster, regardless of the initial conditions, explores roughly the same set of modes, implying that it is effectively ergodic on the time scale of lo5 time steps at that energy. The observed shift of intensity in the power spectrum to lower frequencies as the energy increases occurs for two reasons: ( 1) the equilibrium between the various stable structures of the cluster shifts to the excited planar structures which have higher densities of low frequency modes and (2) the increased population of low-frequency, anharmanic flat regions of the lowest, cubic-structure well.
Figures 8(c) and 8 (d) show the power spectra at E = -2.938 eV/ion for the separation of the dynamics into hot region and cold region portions. Both curves exhibit prominent peak structure that is reflective of a solid-like cluster; compare to Fig. 8(a) . The contribution of the cold region to the power spectrum demonstrates a shift to lower frequencies, and as expected the hot region power spectrum resembles the power spectrum shown in Fig. 8 (a) . Both the striking similarity of Fig. 8(a) with Fig. 8(c) and the marked difference with Fig. 8 (d) , validate the technique of separating the dynamics according to the two modes of the bimodal distribution of T,, values and proves that the the planar and cube regions of the surface are physically distinct regions with their own intrinsic dynamics. Still more evidence for a solid/floppy-solid coexistence comes from the comparison of the Z(w = 0) components of the hot region and the cold region power spectra. The rare-gas results show a substantial difference between the Z(w = 0) components of the hot and cold regions. This is not the case for (KCl), . The approximately zero value of Z(w = 0) for both components is consistent with the classification of this dynamical equilibrium as a solid/floppy-solid coexistence. Lastly for (KCl),, we present the results for the permutation index as a function of total energy. The permutation indices for (KCl), are shown in Fig. 9 . Evidence for the persistence of anion-cation nearest-neighbor contacts during rearrangement is seen in these curves. The important feature of the permutation index is how steeply the 100 000 step L(E) curve climbs up to the lo'-step L, (E) curve. The anion-anion and cation-cation L(E) curves, which are essentially the same, approach their L, (E) curves at lower energies than does theanion<ation L(E) curve. Indeed, the anion-anion and cationxation L(E) roughly mirrors L, (E) while the anion-cation clearly lags behind, until very high energies, at which the anion-cation L(E) value is then close to the L, (E) value. The difference between L(E) and L, (E) approximately quantifies how strongly coordinated a particle remains to another particle that was initially a nearest-neighbor. Equality of L (E) and L, (E) means that a particle explores [in a lo'-step trajectory] a wide distribution of all the possible nearest-neighbors available to it and therefore simultaneously explores many of its various permutational isomers. The underlying information is that for (a) 5.8 I ' " I " " t I' " 1 " '. 1. ". , (KCl), individual anion+ation contacts tend to be maintained during the interwell dynamics, remarkably even at relatively high energies where rearrangements are common.
B. (KCI),
The ( KCl) 5 potential energy surface is much more complicated than the ( KCl), surface; it may well have some accessible stationary points that were not located in this study. Nevertheless, enough of the stationary points were located to explain the observed dynamics. The energies of these structures are listed in Table III . The geometries of some of the minima are shown in Fig. 10 . A diagram detailing the connectivity of the ( KCl) 5 potential energy surface is shown in Fig. 11 . The form of Fig. 11 , and some evidence given below justifies separating the (KCl), configuration space into three regions: ( 1) a cuboidal region containing six kinds of geometries: the capped-cube, distorted-capped cube (DCC: 1 ), distorted-capped cube:2 (DCC:2), square antiprism, chair: 1, and chair:2; (2) a planar region containing the rectangle, decagon, and bent-rectangle; and (3) a high- The letter designations correspond with the letter designations in Fig. 11 and Table III. energy region that contains high-lying minima not located in region (1) or (2).
All of the root-mean-square bond length fluctuation curves previously produced, both for rare-gases and (KCl),, have the same qualitative shape as that shown in Fig. 3 . Interestingly, the (KCI), rms bond length fluctuation curve shown in Fig. 12 is different from the others. The curve of S for ( KCl) 5 has not just one sharp increase but two pseudodiscontinuous increases. One sharp increase occurs at about E = -3.075 and a second, less dramatic increase J '~, (,.,., occurs around E = -3.0 eV/ion. The jump in 6 at the low'-er energy is due exclusively to rearrangements within the cuboidal region of the potential surface, that is, among the capped cube and the DCC:l/DCC:2 minima. The onset of large bond length fluctuations at such a low energy may seem remarkable but because S is highly sensitive to any changes in interparticle distances, the occasional transitions that do take place at these low energies are sufficient to produce the sharp increase in 6. The saddle that separates the capped cube from the DCC minima is very low-lying, and consequently transitions between these structures commence at a low energy.
The increase in Sat higher energies is due to the opening up of the available configuration space to include the planar region. The second jump in S, superimposed on the effects of already significant rearrangements within the cuboidal region, is less dramatic than the first but is nonetheless still apparent because the cuboidal and planar structures are so different. It is especially interesting that although Sreaches a value more than twice that of Lindemann's criterion at energies below the second jump in S, significant self-diffusion sets in only at energies around the second break.
Compare these results for S with the caloric curves in Figs. 13(a) and 13(b) . The full caloric curve [ Fig. 13(a) ] looks very much like the caloric curve for (KCl),; a linear increase of temperature at low energies, an intermediate region in which the curve is irregular, and at high energies a smooth monotonic increase with energy until the cluster breaks up. The scattered data in the intermediate region of the caloric curve around -2.95 eV/ion coincide with the second jump in the rms S curve and are explained in the same way as the (KCl), caloric curve. This region of the caloric curve was expanded and is shown in Fig. 13 (b) Fig. 12 . All data points consisted of averages over 5 X 10' time steps. to clusters in the cuboidal and planar regions. At these intermediate energies, like ( KCl) 4, ( KCl) 5 spends long enough intervals in each region [cf. Fig. 14 (b) ] for each point on the caloric curve to represent a mean temperature in either predominantly the planar or cuboidal region. Such form of caloric curve foreshadows bimodal forms for the distribution of T,, values. At higher energies, both regions are visited. The caloric curve in the energy region corresponding to the first break in the S(E) curve was examined on a finer scale. On the basis of what we have seen previously we might guess that this portion of the caloric curve would also demonstrate scattered data points, and possibly imply two heating lines. However, in this case, for two reasons, we found no such behavior. Recall that the first jump in the rms 6 curve is due to passages of the cluster between the capped-cube and the DCC minima. At these and higher energies the residence times in the DCC minima are so brief (because the barriers to the capped-cube are so low) that they contribute negligi- bly to the sample space of kinetic energies [see Fig. 14(a) 1. Second, the energies of the capped-cube, the DCC minima, and the saddles between them are all very close, so that their kinetic energy distributions are very similar for any given total energy. As a result, in this energy range the mean kinetic energy follows a smooth, straight, rising line. Transitions between the capped-cube minimum and the DCC minima are represented in the S(E) curve but not in the caloric curve. This effect is a quintessential example of the importance of the interplay between thermodynamics and dynamics in the study of clusters.30
The results f& (KCl), illustrate how the various diagnostics are interpreted and compared. For ( KCl) 5 we separate the range of relevant energies into four sections. Doing this emphasizes the changes that (KCI), undergoes as the energy is increased. The four energy ranges were chosen using the behavior of the rms curve S as a primary indicator: ( 1) the energies below the first break in the rms curve; (2) the energies between the first break in the rms curve and below the second break in the rms curve; (3) the energies in the vicinity of the second break in therms curve; and (4) the energies above the second break in the rms curve. We show that at energies below the first break in the rms S curve the cluster is solid-like and the CPF is sigmoidal. Between the first and second breaks the cluster has softened some but is still definitely solid-like. In the vicinity of the second break in the rms 6 curve the cluster undergoes a floppy-solid/solid transition and the CPF has one flat region. Finally, above the second break in 6, the CPF is again sigmoidal and the cluster has become liquid-like. This phase behavior is in general similar to (KCI), but with some interesting differences.
Range I
Below the first break in the rms curve the cluster is confined to the global minimum. The cluster is unambiguously solid-like and undergoes very rigid motions as demonstrated by the VAF and the power spectrum shown in Fig. 15 (a) . The sharply peaked structure of the power spectrum is strong indicative evidence of solid-like behavior. The negative intensities in the power spectrum are unphysical and are the consequence of approximating the infinite Fourier transform integral with a finite numerical integral. 
Range 2
A large jump in the rms S curve signals the expansion of the attainable configuration space. In this region between the two breaks, the sharp increase in S is due to the escape of the cluster from the capped cube minimum to the DCC minima. This was established by quenching the simulated cluster at regular intervals at E = -3.04 [see Fig. 14(a) 1. The transitions to the DCC minima are infrequent and the DCC well-residence times are short lived. These infrequent rearrangments produce negligible diffusion as seen from the zero value for the I(w = 0) component [ Fig. 15 (b) ] and the slope of the MSD [ Fig. 16 (a) 1. Compared to range 1 the cluster is somewhat softer and the solid-like characteristics of the VAF and the power spectrum are appropriately less prominent than those seen for range 1. It may seem unbeliev- able that the infrequent small-amplitude interwell motions at E = -3.04 eV/ion are able to produce such a large S(E) value. However, by viewing MD movies we discovered that the DCC minima are intermediates between nonsuperimposable capped-cube minima, and thus can produce large bond length fluctuations.
3. Range 3
The vicinity of the second jump in S is where the most interesting dynamics commence. The second jump in the rms S curve signals the expansion of the explored configuration space to include the planar structures. At these energies S is already very large from the transitions over low-lying saddles within the cuboidal region. Due to these frequent transitions, within the cuboidal region, the cuboidal form of ( KCl) 5 has already acquired considerable floppiness before it begins to make transitions into the planar ring form, perhaps even enough to be viewed as fluid-like.
The second jump in S, which signals cube to ring transitions, occurs in the energy range where T,, exhibits bimodal behavior. Two properties of the potential surface are necessary to produce bimodal behavior: ( 1) the relevant minima must be well separated in energy and (2) the barrier to crossing in either direction must be large enough so that the saddle crossings are infrequent.5 For (KCI),, both requirements apply to the saddle between the capped-cube and rectangle but neither requirement applies to the saddle separating the capped-cube minimum from the DCC minima. This is why we do not observe bimodal distributions at energies around the first break in the 6(E) curve.
The CPF for energies within this range are given in Fig.  17 . The flat region first appears as an asymmetry in the CPF [ Fig. 17 (a) ] and fades out in a similar manner at high energy. For the intermediate energies shown the CPF has one flat region which corresponds to bimodal behavior. By performing quenches at regular intervals (Fig. 14) and then comparing the results with the sequence of T,, values, we verified that the low temperature mode corresponds to the planar region and the high temperature mode corresponds to the cuboidal region. The rare intermediate temperatures found in the flat region of the CPF are associated with segments of the trajectory within which the cluster crosses over the capped-cube to rectangle barrier and spends roughly equal time in both the cuboidal and the planar regions. The resultant T,, , which is an average over the two regions, falls intermediate between the two modes. These intermediate temperatures are rare because the barrier crossing events they represent are correspondingly rare. The CPFs shown in Fig. 17 were calculated using an averaging length of 2500 time steps. This interval length was used because study revealed that the optimum averaging length needed to effect optimum separation of the two temperature peaks is -2500 time steps. The more nearly optimal the averaging interval, the flatter and broader is the flat region of the CPF. The best averaging interval is that which gives the best separation of modes of the distribution, thereby defining the best separation of the relevant time scales. Knowledge of this optimal separation interval can be used as a key to the choice of time resolution that is best suited to the experimental study of the cuboidal/planar coexistence behavior.
Having demonstrated the bimodal behavior of ( KCl), we must now explain the nature of the bimodality. Does it define a solid/liquid coexistence similar to the rare gases? Is it due to a solid/floppy-solid coexistence like ( KC1 ) 4, or is it something altogether different? In order to answer this, we separated the dynamics of the cluster at an energy in this range, namely E = -2.9663 eV/ion. Our results for the CPF show that this process sorted the dynamics into parts corresponding to the hot, .cuboidal region and the cold, planar region. Dynamical separation was performed for the MSD [ Fig. 16(b) 1, the VAF, and the power spectrum [Figs. 15(d) and 15(e)].
First, from the slope of the MSD we calculate the mean self-diffusion coefficients: for the hot region, D = 8.5 x 10 -6 cm2/s, and for the cold region, D = 2.6X 10 -6 cm2/s. The larger slope of (12) in the hot region suggests that the particles are more mobile in the cuboidal region than they are in the planar region. Second, consider the power spectra for the two wells. The power spectrum of the cold region appears to have more well-defined peaks than that of the hot region power spectrum implying, although tenuously, that the cluster is more rigid in the planar region than in the lower-energy cuboidal region. For the rare gases the more fluid-like phase is always the higher-potential-energy phase. Based on the rare-gas results this finding seems counterintuitive. With the use of our extensive knowledge about the structure of the ( KCl), potential energy surface we can make sense of this result.
The planar region consists of the rectangle, decagon, and the bent-rectangle among which the cluster passes in a diffusionless manner (as determined by viewing MD movies on a Stardent GS2000 and identifying the transition states). Diffusion is severely limited in the 2D planar structures by the strong like-ion repulsive interactions. Planar structures with different sequential ordering are accessible at this energy but, like ( KCl), , only by passing through the 3D cuboida.l structures. The cuboidal region contains six minima with high statistical weights, and nine low-lying saddles all of which are accessible to the cluster at this energy. Moreover, not only are the different cuboidal geometric isomers accessible but also different permutational isomers. The interwell motions among the different minima make the cluster soft and fluid-like. In particular, the saddle separating the two DCC minima is very low and extremely flat and probably contributes considerably to the nonrigidity of the cluster. In fact, this saddle is so flat that it was originally thought to be a minimum. It is interesting to wonder what the ( KCl), dynamics would be like if a constraint could be applied to the system that restricts the configuration space of (KCl) 5 exclusively to the cuboidal region.
Taking into account all the data, including MD movies, the planar region appears to support a floppy solid-like phase and the cuboidal region, for loss of more precise term, an intermediate phase. We predict that a microcanonical ensemble of (KCl), clusters at this energy will consist of a dynamical mixture of clusters, some clusters in a high-poten-tial energy, low-temperature, floppy-solid phase and the rest in a low-potential energy, high-temperature, more fluid-like phase!
Range 4
The energy studied in this range, E = -2.845 eV/ion, is near the evaporation limit and therefore provides us with a good measure of the maximum nonrigidity possible for (KCl) 5. At this energy the cluster explores the very highlying minima that were categorized in region (3); motion both in and out of wells and in and out of different regions is quite rapid [see Figs. 14(c) and 14(d) ]. The CPF is Sshaped which means that there is no longer a distinction between cuboidal and planar forms. The intrawell dynamics carry the cluster among the different permutational isomers on the potential surface as shown by the large self-diffusion constant, 2.45 x lo-5 cm2/s. At this high energy the cluster explores highly anharmonic regions of the potential energy surface. This contributes to the floppiness of the cluster as revealed by the considerable density of soft modes in the power spectrum [see Fig. 15 (f) ]-the I( o = 0) component is more than 20% of the maximum peak intensity. Both the I(w = 0) value and the self-diffusion constant are greater than that found for the highest energy at which we studied (KCl), . Based on the rare-gas clusters as a standard for liquid-like behavior these results suggest that (KCl), is more fluid at E = -2.845 than (KCl), is at E = -2.75 eV/ion. This is a manifestation of the increased number of minima and saddles found for ( KCl) 5 ,30 a consequence of the addition of two ions to the "complete" (KCl), cube structure. time steps. In fact, this result is even more striking for (KCl) 5 than it is for (KCl), . With many more minima to visit, (KCI), might intuitively be expected to show fast scrambling of anion-cation nearest-neighbor contacts, which would produce a curve similar to the anion-anion or cation-cation permutation index [cf. Fig. 9 (a) 1.
C. Anion vs cation
The dynamics of the anion lattice and the cation lattice were calculated separately for ( KCl) ., and ( KCl) 5 at three different energies, one below the bimodal region, one within the bimodal region, and one above the bimodal region. The results showed that the dynamics of the independent lattices are extremely similar. The interpretation is that the masses of potassium and chlorine are similar enough that their dynamics are practically indistinguishable. How would the dynamics of the anions and cations compare for a cesium fluoride or a lithium iodide cluster? CsF maximizes size effects while minimizing polarizabilities; LiI maximizes both. Such work lies beyond the scope of the present paper, however.
D. RRKM results
The permutation indices for ( KCl) s are very similar to those of ( KCl) 4 and the inferences are exactly the same. The defmite difference between the L, and the L for the anioncation permutation index (Fig. 18) ) even at high energies, implies that the anion-cation nearest-neighbor contacts are partially maintained during interwell motions for up to 10' RRKM and MD rate constants were calculated for two isomerizations, one each for (KCl), and (KCl) 5. The rearrangements studied were the cube-to-rectangle isomerization of (KCl), and the capped-cube-to-rectangle isomerization of (KCl) 5. These reactions were chosen because they are well understood from simulations, their similarity permits sensible comparisons, and they are major components of their respective dynamics. For example, they are directly related to the bimodal behavior exhibited by both. The results of these calculations are shown in Fig. 19 The three main features of these figures are: ( 1) the qualitative agreement; (2) the quantitative disagreement (kCRRKM -k,, ), which is positive for both (KCl), and ( KCl) 5 ; and (3) the better quantitative agreement observed for (KCl) 5. The qualitative agreement is important because it suggests that the RRKM theory is generally applicable to the present situation. Assuming then, that the RRKM theory is applicable to these cluster reactions the equation for k RRKM offers three possible choices for the origin of the observed quantitative disagreement: the PDN, the density of states, or the sum of states. Possible error in the PDN can be confidently discounted. The PDN was preliminarily determined by analyzing the the transition-state and adjoining minima geometries and confirmed by viewing MD movies. The main source of the quantitative error is probably due to the unrealistic harmonic approximation to the sum and density of states; the most likely is an undercount of the density of states of the energized molecule, but there also can be an overcount of the sum of states in the transition state, or a combination of both. We can combine the effects of error in the density and sum of states by considering the entropy of activation, Ss , which we define as 
E+=O For a given energy as the entropy of activation increases, the rate increases and conversely as the entropy of activation decreases the rate decreases. If the harmonic approximation overestimates St, then k,,, will be overestimated, and if St is underestimated, then kRRKM will accordingly be underestimated. In terms of deviations from the harmonic, an overcount by the harmonic approximation means the real potential surface has negative anharmonicities and an undercount means that the real potential surface has positive (flatter than harmonic) anharmonicities. Although the better quantitative agreement seen for ( KCl) 5 suggests that the harmonic approximation to S* is more accurate for ( KCl) 5 we do not have enough information to ascertain exactly why thii is true. A more detailed analysis of the potential surface J. P. Rose and R. S. Berry: Structure and dynamics in clusters 535 must be done in order to estimate the entropies of activation, or to show whether such a quasithermodynamic quantity can be used for such investigations as detailed as these.
IV. DISCUSSION AND CONCLUSIONS
In this section we first discuss the possible effects of including multipole interactions in the pair potential. Next we outline the findings of this study and compare them to some transition metal and rare-gas cluster results. Lastly, we make a few brief statements about the robustness of the theoretical framework that has been assembled to describe homogeneous clusters such as those of the rare gases.
The potential used in this study treats the ions as unpolarizable charge distributions with only monopole-monopole Coulomb interactions and overlap repulsive interactions. In reality the ions, particularly the negative ions, are polarizable, so they must take on some induced-dipole character. The induced dipole makes possible angle-dependent monopole-induced dipole and induced dipole-induced dipole interactions and also adjusts the effective radial distance between two ions.
For several reasons we believe that if the ions were treated as polarizable the gross dynamics of these small KC1 clusters would not change enough to alter our basis conclusions. First, Welch er a1.37 performed a comparison of a nonpolarizable ion potential with a polarizable ion potential for alkali halide clusters of several different sizes. They found that both the binding energy and the nearest-neighbor distance is well approximated by the Madelung energy plus first-neighbor repulsive interactions. They also found that the major effect of including polarizabilities is a size distortion of the two sublattices relative to each other. This distortion represents a kind of shear strain induced on the cluster. For (KCl), this distortion of the cation and anion tetrahedral lattices relative to each other lowered the energy by -0.0856 eV/ion. This energy of polarization is only 2.74% of the energy of the (KCl), cube structure. In another study by Wales,' a systematic comparison was made of two argon potentials: the Lennard-Jones potential and a more accurate potential that included an AxilrodTeller3' angle-dependent three-body term. In this study, stationary points found using the Lennard-Jones potential for several Ar, clusters, N = 455, were tested for stability with the more elaborate potential. Of the 63 stationary points tested only three were found to be unstable with the more accurate potential, with the rest only experiencing slight energy changes. The average percent changes of total energy from the Lennard-Jones to the more elaborate potentials, as a function of nuclearity, ranged from 3% for 5 atoms up to 11.8% for 55 atoms.
Lastly, Adams and Stratt3 applied their instantaneous normal mode technique to Ar,, employing both the LennardJones potential and the more accurate Aziz-Chen HFD-C39 argon potential and found agreement satisfactory enough to conclude that their interpretations were not dependent on which potential they used. We can infer from all this evidence that employing a more accurate alkali halide potential is unlikely to change the primary dynamic processes in any dramatic way and that the pertinent physics are realizable with the simpler pair potential used here.
Throughout this paper we have attempted to interpret particular dynamical and thermodynamic results by associating them with certain features of the underlying potential energy surface. Similarly, we can understand the general similarities and differences between the ( KCl), and (KCl) 5 simulations by realizing the similarities and differences in their respective potential surfaces: on a coarse scale the potential energy surfaces of (KCl), and (KCl), are similar, that is, both surfaces are a combination of a cuboidal region and a planar region, along with a third, much less important high-lying region. However, on a fine scale the two surfaces are quite different; ( KCl) 5 has many more minima and saddles than (KCl), (cf. Figs. 2 and 11 ). Keeping these two points in mind we review the major results found for ( KCl), and (KCl),.
cuboidal form is more fluid-like than the high-energy planar form, and arguably may even be liquid-like. Finally, above the coexistence region the distinction between cuboidal and planar forms is lost (as shown by a unimodal T,, distribution) and (KCl) 5 is liquid-like.
Below the coexistence region ( KCl), is solid-like and confined to the cube minimum. As the energy is increased the cube softens until there is enough large amplitude motion to carry the cluster over the saddle separating the cube and rectangle. Around E=: -2.94 eV/ion the curve of S( E) increases abruptly to mark these rearrangements. The cube Z$ planar ring rearrangements define a coexistence as evidenced by the bimodal distribution of T,, values. The bimoda1 distribution implies that the cube and planar forms are dynamically and observably distinct, at least on a moderate 500-5000 step time scale, and thus can be considered to be coexisting forms. The coexistence is not a solid/liquid phase coexistence, such as observed for some rare-gas clusters. The coexistence is between a solid-like cube and a floppy, but not liquid-like, ring. We do not view the coexisting ring form as liquid-like because we simply know too much about the limitations of its detailed dynamics. In particular, in the ring form, no permutations occur of the identical ions. Above the coexistence region the physical distinction between the cube and ring forms is gradually lost, the distribution of T,, values is again unimodal, the equivalent atoms permute with each other, and ( KCl), is liquid-like.
We found that both ( KCl) 4 and ( KCl) 5 are liquid-like at high energies. Unsurprisingly, the liquid-like state of these small ionic clusters appears to differ from the liquid-like states for rare-gas clusters. This difference shows itself in both the MSD and the power spectrum. For liquid-like states, the MSDs of these small salt clusters demonstrate two distinguishable slopes, one long-time and one short-time; apart from a very short-time "toe," the rare-gas clusters do not. The I(w = 0) component for the present systems reaches a greatest value of -10-20 % of the maximum peak height. In comparison, this value reaches -60% for raregas liquid-like states.
These contrasts between alkali halides and rare-gases, in their MSD and power spectra, are related to the different interwell dynamics produced by their respective potentials. The positive and negative ions in these heterogeneous salt clusters produce strong attractive and repulsive interactions that create a very anisotropic potential energy environment for each ion. In contrast, the particles in a homogeneous inert gas cluster described by a Lennard-Jones potential experience a weaker, more nearly isotropic local environment. Obviously, the fact that the inter-well dynamics of these small ionic clusters are unlike the dynamics of inert gas clusters does not mean that small ionic clusters cannot become liquid-like. The more collective interwell motions of salt clusters can achieve the requisite nonrigidity, compliance, and permutational equivalence of a liquid-like state as do the less collective interwell motions of rare-gas clusters. There is no restriction on the modes of a liquid-like state, they can be either independent or collective, so long as some are of very low frequency. The binary salt clusters simply make stiffer liquids than do the rare-gas clusters.
We observe similar behavior in (KCl), . At very low energies ( KCl) s is solid-like and only resides in the cappedcube minimum. At E=: -3.075 eV/ion, ( KCl), makes excursions from the capped-cube minimum to the very shortlived DCC minima. These transitions produce the first conspicuous jump in the S(E) curve, but do not support a coexistence-the DCC minima can not be dynamically resolved from the capped-cube minimum and therefore cannot be considered physically distinct coexisting forms. As the energy is increased further (KCl), undergoes isomerizations amongst the minima in the cuboidal region until, at Ezz -3.0125 eV/ion, it makes transitions into the planar ring form. The rearrangements into the planar form are manifested by a second jump in the S(E) curve. This cuboidal-to-planar ring rearrangement is analogous to that of (KCl),. Like (KCl), the cuboidal + planar rearrangements define a coexistence with the distribution of T,, values characteristically bimodal. At this point (KCl), and (KCl), show a definite contrast. Whereas for (KCl), the two coexisting forms are about equally rigid, for ( KCl) 5 the two coexisting forms have different degrees of rigidity. The Given that the range of the pair interaction4 is roughly that of a Lennard-Jones potential, the dynamics of a homogeneous six-particle cluster described by a Gupta,9v "" Morse, 4, are the same. Consequently, the following discussion of a six-particle Gupta potential cluster and how it compares with these small salt clusters applies equally to a Lennard-Jones or Morse six-particle homogeneous cluster.
In the six-particle transition-metal cluster Sugano and Sawada' observed a premelted structural change between a regular octahedron and a distorted octahedron (a kind of tripyramid).
Sugano and Sawada called this structural change a "continuous transformation induced by collective motions of the atoms." They went on further to describe the continuous motion as a breathing motion in which there is no change of relative positions, no interchange of particles, and therefore no diffusion. Because there is no interchange of particles the cluster is restricted to making transitions among a single isomer of the regular octahedron and the 12 nonequivalent permutational isomers of the higher-energy distorted octahedron that neighbors the octahedron. Sugano and Sawada suitably termed this condition of a cluster as a "fluctuating state," in contrast to a state of solid/liquid coexistence. At energies above this fluctuating state the sixparticle cluster was found to be liquid-like.
This picture of a nonliquid-like, fluctuating state fits well the dynamics of these small salt clusters. For example, the dynamics of the ( KCl) 4 and ( KCl) 5 ring structures can be considered to consist of continuous transitions between a symmetric ring (octagon and decagon) and a less symmetric ring (rectangle). There is however a limitation to this analogy. The fluctuating state of the six-particle cluster consists of only one type of transition and in no way allows for the interchange of particles, either in a single step or a multistep process. For (KCl), and (KCl), many of these large-amplitude fluctuation transformations are linked on the potential surface. This means that although many of the individual ( KCl), or ( KCl) 5 transitions are like the octahedron to tripyramid transition-that is, they are collective motions in which the local environment of each ion is mostly maintained (cf. Figs. 9 and 18 )-only through multistep rearrangement schemes are particle permutations possible. As an example recall how one particular (KCl), cube isomer transforms into another permutational isomer. First, the cube must isomerize to the rectangle. Next, the rectangle must open up to the octagon. Third, the octagon must close back up to a new rectangle isomer and lastly the new rectangle must fold up to a cube structure different from the initial one. Because there are no degenerate isomerizations in ( KCl), and ( KCl), the interwell time scale of particle permutations can be considered independent from the singlestep interwell time scale. This is the reason why two slopes are observed in the MSD. The initial slope corresponds to nondiffusive interwell motions, such as rectangle ZG octagon transitions and the long-time slope corresponds to the mechanistic permutation scheme. The cluster only does become liquid-like when the time scale of the permutation scheme is comparable to the intrawell time scale and occurs fast enough to destroy the dynamical distinction between the cuboidal and planar forms.
If this scheme successfully describes both ( KCl), and (KCl), , why can (KCl), become more fluid-like than (KCl),? The reason is that (KCl), possesses many more minima and saddle points than does ( KC1)4.13 Some of these saddles are very low-lying and allow for a more rapid exploration of configuration space. Thus the multistep permutation scheme outlined above occurs at a faster rate for the pentamer.
In this study we have found that we can, in a consistent manner, rationalize the dynamical and thermodynamic results for both (KCl), and (KCl), by relating them to the topology and geometry of their underlying potential surface. This finding is in excellent agreement with the results for inert gas clusters.5-7*3' Recently, Adams and Stratt3 have criticized this underlying-potential-energy-surface approach on the basis of some instantaneous phonon spectra calculations on Ar7, Ar,, and Ar,, . The instantaneous phonon spectra they presented were averages over 200 uncorrelated configurations from a single MC run. They inferred from their results that there is no evidence for the dynamical transition between solid-like and liquid-like forms of a cluster that is implied by the potential-energysurface picture and supported by dynamics calculations on potential surfaces. However, more recent work by Wales4* has shown their conclusions to be consistent only with the gross dynamics of the cluster and not with the important shorter-time dynamics which carries the information about the mode structure, particularly the soft modes which are responsible for the compliance characteristic of liquids.8V43 Wales focusing on the short-time dynamics of the cluster, found that the instantaneous normal mode technique gave results that were entirely consistent with the underlying-potential-energy-surface approach embraced here and previously.5-7
How do the findings of this study agree with the prevailing concepts concerning cluster behavior? To account for the findings of this study we need only to amend the developing theoretical framework a little and append an observation to it. First, we must realize that "coexistence" does not necessarily imply a solid-like/liquid-like coexistence but can refer to either a floppy-solid/solid-like phase coexistence, a "fluctuating state" coexistence or even a liquid/floppy-solid coexistence. This point arises because it is now clear that dynamically distinguishable excited state regions of the potential energy surface do not always contain higher densities of states than low-energy regions. Recall that for ( KCl) 5 within the coexistence range the cuboidal region supports a more fluid-like phase than does the higher-energy planar region. Finally, we see that we must acknowledge that the underlying potential energy surface may not only determine what kind of melting a cluster exhibits, but also can determine the type of mode structure the liquid-like state exhibits.
We mention here in passing that we have also performed extensive MD simulations on (KCl) ,6 and (KCl),, . Some of the results of steepest descent quenches on these clusters are quite unlike anything we have encountered with Lennard-Jones clusters. This work will be discussed in a following paper.
Lastly, we note the major findings of this study: ( 1) the binary salt clusters (KCl), and (KCl) 5 change from solidlike to liquid-like over ranges of energies, within which the clusters exhibit a dynamic coexistence between dynamically distinct and experimentally distinguishable forms; (2) the forms involved in this coexistence are different in some energy ranges from the solid and liquid forms observed in simulations of some rare-gas clusters; (3) this softening process is similar in many respects to the one found for a homogeneous six-particle cluster; (4) at high energies (KCl), and ( KCl) 5 are liquid-like with mode structures that are collective in character, and (5) RRKM theory appears to give qualitatively correct results for the rate constants for cluster isomerization as functions of energy, but quantitative improvements are needed.
Note added in prooJ After this paper was accepted, we learned of a related study of isomerization dynamics of (NaCl), with conclusions like ours for ( Kc~),.~~ would like to thank Dr. David Wales for confirming the stationary points and for sharing the results of Ref. 42 with us. This research was supported by a Grant from the Oflice of Naval research.
